Murine epididymal spermatozoa were dispersed in a medium of native osmolality and then transferred to a hypo-osmotic medium to mimic the physiological osmotic challenge, as encountered upon ejaculation into the female tract. The addition of quinine to block sperm K þ -channels for volume regulation resulted in a size increase of viable cells. Preincubation in 0.1 mM HgCl 2 , a standard aquaporin inhibitor, prevented such cell swelling. Addition of the K þ -ionophore valinomycin to quinineswollen sperm reversed the swelling, but not after pretreatment of the swollen sperm by HgCl 2 . Aqp7, Aqp8, and Aqp9 mRNAs were identified in spermatozoa by RT-PCR, and the entire open reading frames were sequenced and compared with the GenBank database. Western blotting demonstrated specific protein signals for sperm AQP7 and AQP8 expression but probably not AQP9. The role of Hg 2þ -insensitive AQP7, if any, in sperm volume regulation was studied in transgenic mice. Spermatozoa from Aqp7 À/À mice were the same size as wildtype sperm in basal conditions. Quinine-swollen volume, swelling reversal by valinomycin, and inhibition by Hg 2þ were also similar, indicating efficient water transport in the absence of AQP7. However, both water influx and efflux occurred faster in Aqp7 À/À sperm than wild-type. This faster water movement in the knockout mouse spermatozoa was explainable by an upregulation of Aqp8 expression as revealed by quantitative PCR. Therefore, the Hg 2þ -sensitive AQP8, which was localized in elongated spermatids and spermatozoa, is a likely candidate for a water channel responsible for physiological sperm volume regulation crucial to in vivo fertilization. AQP7 knockout, AQP8, aquaporin mRNA, cell volume regulation, epididymis, gamete biology, sperm, sperm regulatory volume decrease, sperm water channels
INTRODUCTION
Mammalian spermatozoa freshly produced in the testis and discharged into the epididymis are bathed in fluids with increasing osmolality. Extracellular osmolality for posttesticular sperm starts at 280-320 mmol/kg in the rete testis of various mammalian species, and reaches levels as high as 480 in the distal region of the hamster epididymis [1] . Subsequently, upon ejaculation, spermatozoa are confronted with a drop in extracellular osmolality close to serum levels in female tract fluids. Therefore, sperm volume regulation is of physiological importance, which is further highlighted by study of infertile transgenic mice, the sperm of which show defects in volume regulation and fail to pass through to the oviduct [2, 3] . Inhibition of volume regulation in human ejaculated spermatozoa leads to failure in the penetration of and migration through surrogate cervical mucus [4] . Sperm volumetric responses have also been shown to be correlated to the fertility of cattle [5] . In humans, sperm volume regulation capacity is lower in infertile patients compared to fertile men [6] or semen donors [7] .
Water movement in volume regulation is driven by fluxes of ions or organic osmolytes through various ion channels and transporters [8] that have been characterized for spermatozoa, with ClC3 and ICln alongside K þ -channels and K/Cl cotransporter as candidate ion channels [9, 10] . It is known that spermatozoa have a high water permeability compared with other mammalian cell types [11] [12] [13] . Aquaporins are water-selective channels that enable a 10-to 100-fold higher capacity for water transport across plasma membranes [14] . A preliminary overview of the expression of aquaporins by murine spermatogenic cells can be glimpsed from two extensive global cDNA array studies. One study used cell type-enriched fractions [15] ; the other assigned gene expression to different cell types by inferring from the first appearance of each cell type in the testis of different ages during prepubertal development, complemented by subtraction of cultured testicular somatic cells [16] . Among the watertransporting isoforms of the aquaporin family [17, 18] , all isoforms from Aqp1-Aqp6 are absent from spermatogenic cells, with some expression in somatic cells such as Aqp2 in myoid cells and Aqp3 in Sertoli and interstitial cells. Aqp10 in mouse is a pseudogene [19] . The only aquaporin isoform so far identified consistently in spermatozoa at the protein level is the aquaglyceroporin AQP7 located on the tail and cytoplasmic droplets [20] [21] [22] [23] , but its water-transporting function in sperm has not been demonstrated.
The identities of the aquaporin isoforms functioning in sperm volume regulation are unknown. When murine epididymal spermatozoa that are stored and released in epididymal osmolality of around 430 mmol/kg are challenged with an osmolality of 330 mmol/kg, as in oviductal fluid, volume increase should occur, which activates the mechanism of regulatory volume decrease (RVD) in order to release K þ and Cl À to counteract inward osmotic water flow. Blocking of K þ -channels by quinine, as proven by reversal with the K þ -ionophore valinomycin [24] , results in cell swelling [25, 26] . Involvement of aquaporins for water fluxes in such swelling and shrinkage was examined in the present study using the standard inhibitor HgCl 2 . Individual aquaporin isoforms were further investigated at mRNA and protein levels. Since AQP7, unlike other aquaporins, is insensitive to Hg 2þ inhibition [27] , its possible role was examined by experimentation on AQP7-nullified mice [22] .
MATERIALS AND METHODS

Test Substances and Incubation Media
All chemicals used were from Sigma-Aldrich (Tiefenbach, Germany) except where stated otherwise. All media used were based on a BWW medium [28] modified to contain varying amounts of NaCl and 20 mM Hepes at pH 7.4, in addition to NaHCO 3 as buffer system, and 4 mg/ml BSA. Osmolality was checked and adjusted if necessary by addition of deionized water or 1 M NaCl to values mimicking the osmolality of murine cauda epididymidal fluid (430 mmol/kg [29] ; BWW430) or of uterine fluid (330 mmol/kg [2] ; BWW330). Test substances were first made up and stored as stock solutions: quinine (80 mM, final 0.8 mM), HgCl 2 (100 mM, final 0.1 mM), and sodium azide (100 mM, final 20 lM) in water and rotenone (20 mM, final 20 lM) and valinomycin (5 mM; Calbiochem, Darmstadt, Germany) in dimethyl sulfoxide. These were diluted stepwise in incubation medium to the working concentrations freshly for each experiment.
Collection and Incubation of Spermatozoa
All experiments used adult male mice of the C57BL/6N strain (Charles River, Sulzfeld, Germany). Aqp7-null mice were provided by the Water and Salt Research Center, Institute of Anatomy, University of Aarhus, and were generated as previously described [22] . All experiments were conducted according to the German Federal Law on the Care and Use of Laboratory Animals (licence A87/2005). Murine spermatozoa were collected from the cauda epididymidis as previously described [24] . An aliquot of spermatozoa was released into a 10-ll drop of the control or test medium by gently squeezing a 1-mm tubule segment, dispersed in 200 ll medium, and incubated in 5% CO 2 in air at 378C up to 30 min. The order of the test media used, including a control and a quinine-medium, was altered for each experiment to randomize any possible temporal and regional epididymal effects. To study water influx, spermatozoa were released and incubated in BWW430 for 10 min with or without inhibitors. A 50-ll aliquot was added to 350 ll BWW316 containing the same inhibitor and 0.8 mM quinine to achieve the uterine osmolality of 330 mmol/kg for a physiological osmotic challenge and a blockage of RVD to allow unopposed net water influx. Cell size was monitored for 5 min. To study water efflux, epididymal spermatozoa were given the osmotic challenge on release into BWW330 with or without 0.8 mM quinine and incubated at 378C. To block aquaporins, 0.1 mM HgCl 2 was added at 5 min. At 10 min, the K þ ionophore valinomycin was added at 10 lM to overcome quinine blockage of RVD. Cell size was measured at 10-min intervals over 30 min.
Measurement of Cell Size by Flow Cytometry
Changes in sperm cell volume were measured by the method previously validated [26] . An aliquot of 50-ll sperm suspension was added to 200 ll of the same medium (or stated otherwise above) containing 3 ll propidium iodide (PI; final concentration 6 lg/ml) to differentiate viable and dead cells. Forward and side scatter signals from laser excitation at 488 nm as well as PI emission at 605-635 nm were measured by a flow cytometer (Beckmann Coulter FC500; Beckman Coulter, Krefeld, Germany). From at least 6000 events recorded in each sample after cell debris was excluded using forward and side scatter gating, nonviable sperm were gated out by the detection of PI fluorescence. Mean values of the forward scatter of viable sperm, which reflect cell volume, were analyzed, and the drug-treated sperm were compared with the control from the same epididymides. Standard-size beads of 3-, 4-, and 5-lm diameters (Duke Scientific Corporation, Palo Alto, CA) were measured with the same flow cytometer settings, and the standard curve was used for conversion of forward scatter signals into volume data.
Analysis of Sperm Proteins by Western Blotting
Spermatozoa collected by cannulation of the vas deferens and retrograde perfusion of the epididymal tubule lumen was washed four times, and proteins were extracted from 6 3 10 6 cells per lane [30] . For electrophoresis, protein extracts were placed in a water bath set at 1008C for 5 min in the presence of dithiothreitol and analyzed as previously described [24] . The blotted membrane was blocked with 5% skimmed milk powder and incubated with purified antibodies against mouse AQP7 [22] , rat AQP8, and AQP9 (Chemicon International, Schwalbach, Germany) at final dilutions of 1:1000-2000 overnight at 48C. After washing, the membrane was incubated with secondary antibodies (peroxidase-conjugated goat anti-rabbit IgG [Sigma] at 1:12 000 dilution for 1 h). Peroxidase-bound protein bands were visualized using the ECL method (West Pico [from Pierce], Perbio Science, Bonn, Germany). The molecular weights of the signal bands were analyzed using line densitometry software (ChemImage System IS4400; Alpha Innotech Corp., San Laendro, CA). Specificity of the signal bands was tested by adsorption of the antibodies before use on membrane blots by preincubation with the antigenic peptide purchased from the same manufacturer. For this purpose, mixtures of antibody and corresponding peptide at a ratio of 1:10 were incubated at 48C overnight and centrifuged at 14 000 3 g for 10 min before the use of the supernatant.
Analysis of Sperm and Testicular mRNA by RT-PCR and Nucleotide Sequencing
For the study of mRNA, spermatozoa were collected by cannulation of the cauda epididymidis and washed as described above for protein analysis using sterile PBS buffer made up in diethyl pyrocarbonate water and supplemented with NaCl to raise the osmolality to 430 mmol/kg. For testicular RNA, pieces of adult murine testis were snap-frozen in liquid nitrogen and pulverized. Total RNA was isolated using Ultraspec (Biotecx, Frankfurt, Germany) and purified using the RNeasy mini kit (Qiagen, Heidelberg, Germany). For RT-PCR, up to 2 lg extracted RNA was used for the synthesis of the first-strand cDNA using the SuperScript II reverse transcriptase (Invitrogen, Karlsruhe, Germany) according to the manufacturer's instructions. Oligonucleotide primers for PCR (Table 1) were designed to span introns so as to reveal DNA contamination, if any, as a larger size PCR product. For all sperm RNA, sample quality was first checked by RT-PCR of sperm-specific protamine 2. Only samples with a clear, single, expected signal band (337 bp) without a DNA contamination band (445 bp) were used for further studies. When necessary, to enhance sensitivity of detection of target gene expression in spermatozoa that yielded only low amounts of RNA upon extraction, RT-PCR products were in turn used as template in a second round of PCR using the appropriate nested oligonucleotide primers. PCR products were separated in 2% agarose gel and identified against molecular weight markers (DNA-Hae III Digest; BioLabs, Frankfurt, Germany). Signal bands on the gel were cut out for purification and submission to the Central Laboratory of the University for nucleotide sequencing.
Relative Quantification of Aqp8 Gene Expression Using Quantitative PCR
This was done using the TaqMan technique with the ABI Prism 7000 Sequence Detection System (Applied Biosystems, Darmstadt, Germany) according to the manufacturer's guidelines, with each sample measured in triplicate in each assay. Assay kits with specific fluorescence (FAM)-labeled reporter and primers were purchased from Applied Biosystems for Aqp8 (assay ID Mm00431846_m1, primers spanning exons 4 and 5). Full amplification efficiency was validated as recommended by Applied Biosystems, where cDNA reverse-transcribed from RNA extracted from wild-type (WT) murine testis with proven absence of DNA contamination was analyzed using four dilutions (4-500 ng RNA) to allow a plot of Ct against log RNA concentrations. For the normalization of Ct data for comparison between Aqp7 WT and KO tissues, the endogenous housekeeping gene Eif4h (also known as Wbscr1) was analyzed in parallel in each assay. Eif4h has been shown to be better than b-actin and 18S ribosome as an endogenous standard in mouse testis for this purpose [31] , and the primer sequences were as reported. Data were analyzed using the DDCt method by the provided software program.
Immunohistochemistry
Rat (untreated adult Sprague Dawley, German License for animal use ref. 9 .93.2.10.45.07.192) and mouse testes and epididymides were fixed in Bouin fixative (or 4% paraformaldehyde, which allowed better binding by antibodies but poorer preservation of tissue structures), embedded in paraffin, and cut into 4-lm sections. After antigen retrieval of the deparafinized sections and blocking with 5% normal goat serum, tissues were incubated with affinitypurified rabbit anti-rat AQP8 IgG (150 lg/ml; Alpha Diagnostic, San Antonio, TX) at 48C overnight. Immunosignals were amplified by goat anti-rabbit biotinylated secondary antibody and alkaline phosphate-conjugated streptavidin, visualized with new fuchsin according to the DAKO kit's instruction (DAKO, Glostrup, Denmark), and counterstained with hematoxylin.
Statistics
Flow-cytometric data from different treatments tested in the same experiments were analyzed using the computer software SigmaStat (version AQUAPORINS IN MURINE SPERM VOLUME REGULATION 351 2.03; SPSS, Inc., Erkrath, Germany) with one-way ANOVA. In each experiment, the volume index for each treated sample was calculated from its laser forward scatter signal and expressed as a ratio of the control sample in the same experiment at the first incubation time point. Statistical differences between groups were then tested with the Student t-test. Differences were considered statistically significant at P , 0.05.
RESULTS
Inhibition of Water Influx into Spermatozoa by HgCl 2
None of the used drugs affected sperm viability at the end of the 15-min (10-min preincubation plus 5-min osmotic challenge) experimental period, with mean 6 SEM of 56% 6 7%, 56% 6 8%, 55% 6 3%, 59% 6 5%, and 46% 6 5% viable for control, quinine, HgCl 2 , rotenone, and sodium azide treatments, respectively. All nonviable spermatozoa were gated out from volume analysis by their PI staining. As shown in previous studies, the K þ -channel blocker quinine added alone during physiological osmotic challenge resulted in cell swelling as reflected by a marked increase in the laser forward scatter signal compared with the control (Fig. 1) . When sperm were preincubated with HgCl 2 , a very slight volume decrease was detected during the osmotic challenge, whereas quinine treatment failed to elicit any volume increase. On the other hand, preincubation with the metabolic inhibitors rotenone and sodium azide had no effect on the swelling response to quinine, ruling out the nonspecific, detrimental, or toxic nature of the HgCl 2 effects.
Inhibition of Water Efflux from Spermatozoa by HgCl 2
To study water efflux, spermatozoa for all control and treatment groups were released into hypo-osmotic medium, without (control; closed circles in Fig. 2 ) or with quinine (all other three groups in Fig. 2 ) to block RVD and swell the cells (quinine alone; open circles) in contrast to the controls performing volume regulation. After the initial swelling effect of quinine in the first 10 min, the swollen sperm showed a gradual and partial recovery in volume over the next 20 min. Addition of valinomycin at 10 min caused a rapid and drastic volume decrease of the quinine-swollen sperm cells (closed triangles) to recover the control size within 10 min. When the swollen spermatozoa were treated with HgCl 2 5 min before the addition of valinomycin (open triangles), cell volume measured 5 min later was not as large as that induced by quinine alone, and the K þ ionophore added at this time point no longer caused the shrinkage described above, while the semiswollen status was maintained over the next 20 min.
Expression of Aquaporins by Sperm Cells at mRNA Level
With the hint from the literature (see Introduction) of the lack of expression of Aqp1-6 in testicular germ cells, RT-PCR analysis for Aqp7, Aqp8, and Aqp9 was done using mRNA extracted from epididymal spermatozoa. In view of the difficulty of the extraction from such cells with little cytoplasm and highly condensed nuclei, the quality of the extracted mRNA and absence of DNA contamination was confirmed by RT-PCR of sperm-specific protamine 2 (Fig. 3A) in each sample before subsequent use for Aqp analysis. For both Aqp7 and Aqp9, RT-PCR products of the expected sizes were obtained from sperm RNA (Fig. 3A) . From the sequencing of amplicons obtained using different primer pairs shown in Table  1 , a full match of the reference sequence for Aqp7 (NM_007473.3) from nt 163 to 1301 containing the open reading frame (nt 275-1183) was revealed. A full match of nucleotide sequence was also found for Aqp9 (NM_022026.2) from nt 74 to 1112 containing the open reading frame (nt 135-1094). RT-PCR of both testicular and sperm RNA for Aqp8 revealed one product band appearing at the expected size on gel (Fig. 3A) . However, sequencing of the purified polynucleotide indicated some deviations from the reference that were repeatable four times. The nucleotides GC (at position 100 and 101 of reference NM_007474.1 from the Web page of mouse Aqp8 gene ID 11833, http://www.ncbi.nlm.nih.gov/sites/ entrez) in the 5 0 noncoding region were found to be CG in both the testicular and sperm samples. This mismatch, however, is identical to the gene sequence itself, and the sequence was amended in the new version of NM_007474.2. Another finding was the missing of three nucleotides CAG at position 148-150 of NM_007474.1 (no amendment in NM_007474.2) encoding for the fifth amino acid glutamine in the reference protein (NP_031500). Sequence comparison 352 using BLAST revealed that our mRNA sequence was 100% identical to that of another Aqp8 mRNA NM_001109045.1 from nucleotide position 34-1013, and its deduced protein sequence with the missing codon for glutamine was identical to the amino acids in NP_001102515.
Expression of Aquaporins by Sperm Cells at Protein Level
Immunoblotting of both testicular and sperm proteins revealed a very strong signal band for AQP7 at about 24 kDa that was absent from the blot when incubated with antibodies that had been adsorbed by the antigen peptide (Fig.   3B ). The weak sperm protein band at 33 kDa could not be entirely eliminated with adsorption, whereas many nonspecific bands were present in the testicular proteins. Two specific bands of 27 kDa and 32 kDa for AQP8 were found in spermatozoa that disappeared after adsorption, whereas in the testis the specific band was 26 kDa (Fig. 3B) . Although the 20-kDa testicular band was reduced in intensity in the adsorption control, its obvious appearance could not definitely prove its specificity. For AQP9, although spermatozoa appeared to have a signal band with size identical to the positive control obtained in epididymal proteins, it persisted after antibody adsorption despite disappearance of the very intense epididymal band, casting doubt on its specificity (Fig. 3B) .
Localization of AQP8 by Immunohistochemistry
The commercially available anti-rat antibody interacted poorly with mouse histological sections (Fig. 4, J and K) , so rat testis and epididymis were used in addition. Strong staining was observed in the elongating and elongated spermatids, with the strongest labeling concentrated in the residual cytoplasm around the sperm heads in the testis, whereas Sertoli cells, spermatogonia, spermatocytes, and round spermatids were all negative (Fig. 4) . While round spermatids were negative (Fig.  4H) , staining appeared when spermatids started condensing and elongating and continued through to the fully elongated stage (Fig. 4, B, F-I ). In addition to the adluminal staining, labeling occasionally extended deep into the germinal epithelium as clefts where bundles of elongated spermatids with their cytoplasm were embedded (Fig. 4H) , giving the probably false impression in some oblique sections across these bundles that more basally located spermatogenic cells appeared stained. Although reduced in staining intensity compared to the residual cytoplasm that is retained in the testis as residual bodies (between layers of testicular spermatozoa and early condensing spermatids in Fig. 4B and adluminal in Fig. 4F ) when the spermatozoa are released, AQP8 was retained on spermatozoa in the lumen of the epididymal tubule where the epithelial cells were negative (Fig. 4C) . High magnification AQUAPORINS IN MURINE SPERM VOLUME REGULATION revealed clear staining of the tail of epididymal spermatozoa (Fig. 4D ) in contrast to the negative control (Fig. 4E) .
Cell Size and Water Fluxes in Spermatozoa from Aqp7-Null Mice Compared to WT Aqp7-null spermatozoa had similar basal volume but faster response to quinine in swelling and partial volume recovery. The basal volume of epididymal sperm released into BWW430 mimicking epididymal osmolality was identical between WT and Aqp7-null (KO) sperm (first pair of columns in Fig. 5A ). When the spermatozoa were exposed to BWW330 in the presence of quinine to block RVD, swelling was observed in WT sperm for the first 10 min, followed by a slight and gradual decrease over the next 20 min, although the cells were still larger than the controls undergoing volume regulation in the absence of quinine. The quinine-induced sperm swelling and the subsequent partial recovery were also detected in the Aqp7-null mice. However, cell volume was larger in KO than WT sperm during the swelling phase at 5 min but smaller at the recovery phase at 20 min (Fig. 5A) , reflecting faster water transport in both swelling and shrinkage.
Aqp7-null spermatozoa had normal volume regulation capacity and inhibition of water influx and efflux by HgCl 2 . When transferred to and incubated in BWW330, providing a physiological hypo-osmotic challenge, both WT and KO sperm attained volume slightly above the basal value at BWW430. Basal volume maintenance with HgCl 2 , as well as the total suppression by HgCl 2 of the marked swelling induced by quinine during the osmotic challenge, was observed in KO as in WT sperm (Fig. 5B) . Inhibition of water efflux by HgCl 2 also occurred to the same extent as in WT, as indicated by the abolition of the valinomycin-induced shrinkage of swollen cells and maintenance of the swollen status over time (Fig. 6) .
Comparison of Aqp8 Expression in Aqp7
þ/þ and Aqp7
À/À
Mouse Testis Using Real-Time PCR
Conventional RT-PCR of Aqp8 using Aqp7 KO mouse testis and epididymal sperm RNA yielded amplicons whose sequences were identical to that of WT, bearing the same matches and mismatches with the public database sequences as described above. In each of the three real-time PCR assays done using varying amounts of testis RNA, KO samples showed lower relative Ct (DCt) values (meaning higher expression) than the WT after normalization against the Ct of the corresponding endogenous standard Eif4h. The DCt values of KO vs. WT in three assays were 3.74 vs. 3.92, 3.68 vs. 4.26, and 4.35 vs. 5.04, with a calculated Aqp8 expression ratio KO/ WT of 1.41 6 0.17 (mean 6 SEM).
DISCUSSION
Mammalian spermatozoa undergo physiological volume regulation utilizing ion and organic osmolyte channels, including the quinine sensitive K þ -channels. To investigate the identity of water channels involved in this process, the conventionally used aquaporin inhibitor HgCl 2 was employed. HgCl 2 administered to spermatozoa 10 min before osmotic challenge (BWW330) abolished the quinine-induced swelling in a nontoxic manner. The total inhibition indicates that water influx was through Hg 2þ -sensitive channels only, suggesting minimal involvement, if any, by AQP7, which cannot be blocked by HgCl 2 [27] . In the absence of quinine, HgCl 2 slightly decreased cell volume in BWW330. This probably reflects HgCl 2 inhibition of the small increase over basal volume (that measured BWW430, mimicking epididymal osmolality) when spermatozoa were transferred to BWW330. HgCl 2 added 5 min after osmotic challenge, including quinine, halted swelling half way (10-min time point in Fig. 2) , whereas water efflux from swollen spermatozoa, permitted by subsequent K þ efflux induced by valinomycin, was abolished (Fig.  2, 20 min) . The gradual and partial recovery of cell volume observed from 10-30 min after quinine treatment alone, which was also inhibited by HgCl 2 , would be explained by activation in the swollen spermatozoa of some alternative, quinineinsensitive, RVD mechanisms such as organic osmolyte efflux [32] or K þ /Cl À cotransport [30] . Among the candidate aquaporin isoforms expressed by spermatogenic cells, AQP8 and AQP9 are known to be Hg 2þ -sensitive. In the present study, Aqp9 mRNA was detected in spermatozoa, but protein expression could not be demonstrated despite a weak signal band in Western blotting, since specificity could not be confirmed by antibody adsorption to eliminate the band, as could be achieved with the epididymal protein that is known to be highly expressed in the epithelium [33, 34] . This is consistent with the reports of Aqp9 mRNA in testicular germ cells (rat [35] , mouse [15, 16] ) and the absence of the immunostaining from these cells and spermatozoa (rat [33, 36] ). The presence of sperm AQP4 has been suggested in a report based on immunohistochemical staining of rat sperm in the epididymal lumen [37] . However, identification of the protein molecule by Western blotting, or that of sperm mRNA, was not confirmed. On the other hand, evidence for its absence from the mouse testis, where transcription for any sperm AQP4 at all must take place, has been documented in a database [16] . Therefore, it is unlikely that AQP4 is involved in mouse sperm water transport, although it cannot be definitely ruled out.
AQP8 was detected in spermatozoa at the protein level by Western blotting, where antibody specificity was proven by the disappearance of target bands after adsorption with excess antigen peptide. Sperm Aqp8 mRNA was also identified. The nucleotide sequence of the open reading frame was found to have one amino acid codon less than the reference mRNA and protein given in the GenBank Web page for mouse Aqp8, but this deviation matches some other sequences in the database. The presence of AQP8 in rodent testicular plasma membranes [20, 38] and inhibition of AQP8 water permeability by HgCl 2 [38] have been demonstrated. Besides the location of AQP8 reported in elongated spermatids, residual bodies, and primary spermatocytes [39] , other reports generalize the localization to spermatogenic cells [38, [40] [41] [42] . The present findings revealed AQP8 in elongating and elongated spermatids and spermatozoa but not in other germinal epithelial cells in the testis, whereas confusion in the interpretation of some oblique tubular sections could be envisaged owing to the penetration of some elongated spermatids deep into the epithelium. The swelling of the testis in Aqp8-null mice [38] could be solely due to failure of water efflux from the elongated spermatids during the processing of the residual cytoplasm, which should lead to its eventual elimination after the release of testicular spermatozoa [43] . The previously unexplained, unchanged testicular water content accompanied by the decreased water permeability of testicular plasma membranes in these knockout mice [38] could reflect failure in the removal of the spermatid residual cytoplasm and residual bodies, not just cellular water, as a consequence of water channel deficiency. Using rat tissues, which cross-react better than mouse to the commercially available antibodies, AQP8 was localized on testicular and epididymal spermatozoa, whereas the presence of AQP8 on murine spermatozoa was confirmed with Western blotting. AQP8 localization has been reported in the cytoplasmic droplet of epididymal spermatozoa [39] . When RVD of epididymal spermatozoa is inhibited by quinine, or is defective as in some infertile transgenic mice, cell swelling can be detected by volume measurement and observed as angulation of the sperm tail at the site of the cytoplasmic droplet [25, 29] . Therefore, AQP8 may serve as water channels in the physiological RVD that spermatozoa have to undergo in the female tract. However, it may not be the sole water channel involved, as Aqp8 À/À male mice are fertile [38] . On the other hand, if there is no other alternative water channel when AQP8 is nullified, the sperm would not experience fast swelling upon encountering the hypo-osmotic challenge in the female tract in the first place, hence no demand for effective RVD. This could perhaps explain why the AQP8 À/À male mice are still fertile. Nevertheless, this does not negate the involvement of AQP8 in normal animals. A definitive role needs to be confirmed by future experiments examining water transport in spermatozoa from these transgenic animals.
AQP7 has long been found highly expressed in the testis [27] , first when round spermatids appear [42] and also in elongated spermatids, and in the tail and cytoplasmic droplets of spermatozoa in rodents (rat [23, 27, 42] , mouse [22] ) and humans [21] . The present study confirmed the gene expression both at the protein and mRNA levels, as well as the encoding sequence in murine spermatozoa. A significant role of AQP7 alone in both water influx and efflux in sperm cells could not be established in the study of spermatozoa from the Aqp7 À/À mice, where elongated spermatids and spermatozoa as well as other tissues showed no expression of AQP7 using the present antibody for detection [22] . The basal cell volume, the extent of swelling and shrinkage induced by manipulation of the volume-regulatory mechanisms by an ion-channel blocker and an ionophore during physiological osmotic challenge, as well as the sensitivities to HgCl 2 , showed no difference between the WT and the knockout. In fact, spermatozoa from AQP7 knockout mice show no morphological or functional abnormalities, including in vivo and in vitro fertilization [44] , thus ruling out an indispensable role of AQP7 in sperm volume regulation crucial for fertilization in vivo. However, the present findings indicated that sperm volume increase and partial recovery occurred faster in the knockout, suggesting more efficient water transport. This coincided with a higher expression of testicular Aqp8 in the knockout, which can be interpreted as an indication of more AQP8 water channels in the knockout spermatozoa. It is more relevant to use testicular mRNA than sperm mRNA to quantify gene expression since spermatozoa are believed to be incapable of protein synthesis, translation of sperm protein has to occur at the latest in elongating spermatids [45] , and RNAs found in sperm are likely to be remnants of those stored for delayed translation uncoupled from transcription during postmeiotic spermiogenesis [46, 47] . Such remnants, although useful as a proof of the existence of mRNA for the sperm protein, can no longer be translated and may be degraded to some extent, and therefore cannot represent the existing protein expression in quantity. The upregulation of spermatid Aqp8 in Aqp7 À/À mice coinciding with functional differences provides argument to the involvement of AQP8 in sperm water transport, although it cannot rule out a shared minor role for AQP7. The report of abnormally low expression of AQP7 in some infertile men [21] needs to be confirmed, and whether such an association reflects a defect in sperm water transport or other sperm function regulated via another transporting role of AQP7 remains to be investigated. In this respect, Aqp73Aqp8 double knockout mice would provide an interesting model for further study.
Since osmotic equilibrium across cell membranes occurs very rapidly via water channels, water fluxes should not be the rate-limiting step in volume regulation. Nevertheless, defects in water channels can affect proper volume regulation, as shown in the corneal endothelium of AQP1-deficient mice [48] and in the salivary acinar cells of the AQP5-null mice [49] . Upregulation of AQP5 upon osmotic changes has been demonstrated in submandibular acinar cells [50] . There could also be functional interaction between aquaporin and ion channels for volume regulation, as demonstrated for swellingactivated Cl À conductance in AQP4 knockdown astrocytes [51] . The present findings of efficient sperm water transport for volume regulation in AQP7-null mice with upregulation of the expression of AQP8, which is sensitive to Hg 2þ inhibition, suggest AQP8 as the aquaporin responsible for water transport in murine sperm during volume regulation, which is crucial upon ejaculation and transport through the female tract for in vivo fertilization.
